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Abstract 

Huntington's disease (HD) is a neurological degenerative disease and quinolinic acid (QA) has been used to establish HD 
model in animals through the mechanism of excitotoxicity. Yet the specific pathological changes and the underlying 
mechanisms are not fully elucidated. We aimed to reveal the specific morphological changes of different striatal neurons in 
the HD model. Sprague-Dawley (SD) rats were subjected to unilaterally intrastriatal injections of QA to mimic the HD model. 
Behavioral tests, histochemical and immunhistochemical stainings as well as Western blots were applied in the present 
study. The results showed that QA-treated rats had obvious motor and cognitive impairments when compared with the 
control group. Immunohistochemical detection showed a great loss of NeuN+ neurons and Darpp32+ projection neurons in 
the transition zone in the QA group when compared with the control group. The numbers of parvalbumin (Parv)+ and 
neuropeptide Y (NPY)+ interneurons were both significantly reduced while those of calretinin (Cr)+ and choline 
acetyltransferase (ChAT)+ were not changed notably in the transition zone in the QA group when compared to the controls. 
Parv+, NPY+ and ChAT+ interneurons were not significantly increased in fiber density while Cr+ neurons displayed an 
obvious increase in fiber density in the transition zone in QA-treated rats. The varicosity densities of Parv+, Cr+ and NPY+ 
interneurons were all raised in the transition zone after QA treatment. In conclusion, the present study revealed that QA 
induced obvious behavioral changes as well as a general loss of striatal projection neurons and specific morphological 
changes in different striatal interneurons, which may help further explain the underlying mechanisms and the specific 
functions of various striatal neurons in the pathological process of HD. 
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Introduction 

Huntington's disease (HD) is an inherited neurodegenerative 
disorder characterized by abnormal involuntary movements and 
cognitive impairment [1]. The pathological hallmark of HD is the 
selective neuron death in the striatum - loss of spiny projection 
neurons and relative sparing of aspiny interneurons [2]. The 
pathogenesis of HD critically involves the mutant gene huntingtin 
(htt) which encodes a large protein (350 kDa) with a polyglutamine 
stretch [3,4]. The extent of the polyglutamine expansion is 
correlated with the severity of symptoms, such as age of onset [5] . 
Despite the discovery of htt, the pathophysiology of HD and the 
mechanisms accounting for the selective neuron death still remain 
unclear. It has been suggested that excitotoxicity, mitochondrial 
abnormalities and transcriptional dysregulation are some impor- 
tant mechanisms in the progress of HD [6,7,8]. Therefore, the 
excitotoxin quinolinic acid (QA), mitochondrial toxin 3-nitropro- 
pionic acid (3NP) and transgenic models are used to study the 
pathophysiology of HD [9, 1 0, 1 1] . 

The "excitotoxicity hypothesis" of neurodegeneration has been 
proposed for several decades and it persists as a likely pathophys- 
iological mechanism in HD [6,12,13]. The excitotoxin QA has 



been used extensively to establish HD models in animals since it 
generally spares aspiny interneurons, relative to spiny projection 
neurons, which is more analogous to the neuropathology of HD 
than other excitotoxins such as kainic acid and ibotenic acid 
[9, 1 4] . Furthermore, it has been demonstrated that QA is a brain 
endogenous excitotoxin produced and released by infiltrating 
macrophages and activated microglia, and acts as a neurotoxin, 
gliotoxin, proinflammatory mediator, pro-oxidant molecule and 
can alter the integrity and cohesion of the blood-brain barrier [15]. 
Nevertheless, the issue about the resistance of different striatal 
neuron types in HD is still controversial. Histologically, the 
striatum consists of projection neurons (90%-95% in rodents and 
about 80% in primates) and interneurons (5 % — 1 0 % in rodents and 
possibly up to 20% in primates) which are subdivided into four 
types: parvalbumin (Parv)+, calretinin (Cr)+, neuropeptide Y/ 
somatostatin/neuronal nitric oxide synthase (NPY/SS/nNOS)+ 
and choline acetyltransferase (ChAT)+ interneurons [16]. A great 
amount of research applying different HD models concordandy 
revealed that the striatal projection neurons were vulnerable 
[11,17,18,19]. However, different studies provided different 
observations about the preservation of different striatal interneu- 
ron types in HD. For instance, plenty of evidence indicated that 
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the striatal NPY+ interneurons were relatively spared in HD 
models [17,20,21,22] while several previous studies reported no 
such sparing [23,24]. In addition, most studies on striatal neurons 
in HD models mainly focused on the neuron abundance rather 
than the morphology. In fact, Mu et al revealed that the NPY+ and 
Cr+ interneurons were presented with an increase of fibers and 
varicosities in the 3NP-induced HD model [25]. It is reasonable to 
presume that clarifying the specific reactions of different striatal 
neurons in HD may help further understand the pathophysiology 
of HD. 

The present study aimed to provide more comprehensive 
evidence for the QA-induced HD model in respect of behavior 
and histology, so as to help further comprehend the underlying 
pathophysiological mechanisms of HD. A series of behavioral tests, 
histological techniques and Western blots were applied to assess 
the motor and cognitive impairments, the striatal histopathological 
changes as well as expression levels of different marker proteins for 
different striatal neuron types. 

Materials and Methods 

Animals and experimental design 

Thirty adult male Sprague-Dawley (SD) rats weighing 250- 
300 g (obtained from the Center for Experimental Animals of Sun 
Yat-sen University) were used for this study. All the animal 
experiments strictly adhered to the Regulations for the Adminis- 
tration of Affairs Concerning Experimental Animals, the Chinese 
national guideline for animal experiment, issued in 1988. All 
procedures involving animals and their care in this study were 
approved by the Animal Care and Use Committee of Sun Yat-sen 
University (Permit Number: SCXK GUANGDONG 201 1-0029). 
All efforts were made to reduce the number of animals used. The 
animals were housed in an air-conditioned room under an even 
light-dark cycle, with food and water ad libitum. 

The rats were randomly assigned to the QA group (n= 10), the 
control group (n= 10) and the normal group (n = 10). All rats in the 
QA group were injected unilaterally into the right striatum with 
1 ul 100 mM QA (Sigma) [20] while animals in the control group 
received 1 ul vehicle, and rats in the normal group did not receive 
any surgery or treatment. Five days after surgery, all rats were 
given behavioral tests for five consecutive days. Following a ten- 
day survival period, fifteen animals (five from each group) were 
subjected to histological assessments and the rest of them were 
subjected to Western blots as described below. 

Animal surgery 

Rats in the QA group were anesthetized with ketamine 
(150 mg/kg). They were then positioned in a small animal 
stereotaxic frame (Kopl) and given unilateral injections of 1 ul QA 
which was dissolved in 10 mM phosphate-buffered saline (PBS) at 
pH 7.4 into the right side of the striatum at the following 
coordinate: AP = +1.0mm; ML = 2. 5 mm from bregma; 
DV= _ 5.5 mm from dura according to the adas of Paxinos and 
Watson [26]. Injections were manually delivered by a Hamilton 
microsyringe over a period of 10 min, followed by a 5-min delay 
before the needle was withdrawn. The needle was withdrawn 
slowly over a period of additional 2 min to prevent diffusion along 
the needle track. Rats in the control group were treated with the 
same procedure but received only vehicle. Postoperatively, animals 
were individually placed in separate cages with free access to food 
and drink until they recovered from anesthesia. Five days after the 
surgery, animals were tested by a series of behavioral tasks. 



Behavioral tests 

Balance beam test. The balance beam test was carried out 
for rats in all groups three times a day for five consecutive days 
according to Shear's methods [17]. The rats were trained to travel 
across a suspended narrow beam (100 cm in length, 7 cm in 
width, 100 cm elevated above the horizontal surface of the 
ground) into a dark box (24.5x20x18 cm) at the other end. The 
completion time (the interval between the moment the rat was 
released to the moment it entered the dark box) and the number of 
paw slipping (the forelimb descending more than 1 .5 cm below the 
surface of the beam) were recorded by two observers that were 
blinded to animal conditions. Animals were given 3 min to 
complete a trial. If the rat fell down or took more than 3 min, this 
trial was recorded as incomplete. 

Grip strength test. Grip strength test [17] was measured 
three times a day for five consecutive days. Examiners were 
blinded to animal conditions. Grip strength was measured by 
recording the length of time the rat was able to hold on a steel wire 
(2 mm in diameter, 35 mm in length) suspended 50 cm above the 
horizontal surface of the ground. 

Water maze task. All rats were trained with the learning trial 
four times a day for five consecutive days, followed by the probe 
trial on the last day in the water maze task [27,28]. In the learning 
trials, the target platform was located in different spatial locations 
across trials, but the visual pattern of the ball which served as a cue 
was consistent. During each trial, rats were released from four 
assigned starting points (N, S, E, W) and allowed to swim until 
they reached the platform within 2 min. The rats were allowed to 
stay on the platform for 30 sec once they reached the platform or 
if they failed within 2 min. The latency of reaching platform was 
recorded. The probe trial was administered immediately following 
the last learning trial. In the probe trial, the platform was removed 
from the tank. The animals were released into the tank and 
allowed to swim for 2 min, and the number of target site 
crossovers was recorded. The tracks were recorded by a camera 
and Ethovision software (Noldus, Holland) which recorded the 
latency of reaching platform and calculated the number of target 
site crossovers. This task could be acquired by learning an 
approach response to the visual cue, which was believed to be 
associated with the mnemonic functions of the striatum. 

Histochemical and immunohistochemical methods 

Nissl staining. After the five-day behavioral tests, five rats 
from each group were sacrificed for histochemical and immuno- 
histochemical examinations. Before the following procedures, 
animals were deeply anesthetized with 10% chloral hydrate 
(350 mg/kg), then perfused with 300 ml 0.9% saline followed by 
400 ml 4% paraformaldehyde in 0.1 M phosphate buffer (PB, 
pH 7.4, 4°C). Brains were quickly removed and post-fixed 
overnight at 4°C, and were sliced into coronal sections (30 urn) 
on a vibratome (VIBRATOME, #053746). Sections were stained 
with Nissl staining according to previous classic methods [29]. 

Immunohistochemistry procedures. Brain sections were 
pre-treated with 0.3% H 2 0 2 in 10 mM PBS (pH 7.4, 4°C) for 
30 min. Separate series of sections were respectively incubated at 
4°C for 48 h with one of the following primary antibodies: mouse 
anti-NeuN (1:500, Millipore), rabbit anti-Darpp32 (1:200, Cell 
Signaling, Danvers, MA), mouse anti-Parv (1:1,000, Sigma), rabbit 
anti-Cr (1:2,000, Millipore), rabbit anti-NPY (1:5,000, ABCAM) 
and rabbit anti-ChAT (1:1,000, Millipore). After rinsed in 10 mM 
PBS for three times (5 min/time), the sections were applied with 
secondary antibodies anti-mouse IgG or anti-rabbit IgG (both 
1 :200, Sigma) at room temperature for 4 h, followed by three rinses 
(5 min/time) in 10 mM PBS and incubation with homologous 
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Table 1. Measures of behavioral and histological tests in the normal group and the control group. 



Test 


Parameter 


Norm 


Cont 


P# 


Balance beam test 


Number of paw slipping 


0.15±0.10 


0.17±0.16 


0.933 




Completion time (sec) 


18.67±4.67 


19.45 ±7.21 


0.869 


Grip strength test 


Hang time (sec) 


11.66±3.51 


11.47±4.43 


0.904 


Water maze test 


Latency (sec) 


37.09±6.30 


41 .42± 10.77 


0.558 




Number of target site crossovers 


10.80±2.78 


11.20±1.93 


0.723 


Nissl staining 


Cell count (/mm 2 } 


3224.00±365.04 


31 75.00 ±207.76 


0.772 


NeuN labeling 


Cell count (/mm 2 ) 


2458.60 ±96.80 


2471. 20± 119.13 


0.917 


Darpp32 labeling 


Cell count (/mm 2 ) 


2007.20 ±56.85 


1941.80±102.22 


0.188 


Interneuron number 


Parv+ (/mm 2 ) 


79.48 ±1.79 


78.86±2.72 


0.783 




Cr+ (/mm 2 ) 


65.76±2.35 


65.84±1.92 


0.959 




NPY+ (/mm 2 ) 


49.20 ±1.48 


48.90±1.95 


0.828 




ChAT+ (/mm 2 ) 


69.34±2.59 


69.60±1.55 


0.899 


Fiber density 


Parv+ (/1 00 urn) 


13.04±0.97 


13.02 ±0.96 


0.978 




Cr+ (/1 00 urn) 


6.97±0.34 


7.04±0.56 


0.943 




NPY+ (/1 00 urn) 


5.98±0.40 


6.03±0.75 


0.926 




ChAT+ (/1 00 urn) 


3.06±0.24 


3.16±0.40 


0.777 


Varicosity density 


Parv+ (/1 00 urn) 


4.36±0.71 


4.04±0.79 


0.599 




Cr+ (/1 00 urn) 


6.98 ±1.05 


7.1 8± 1.63 


0.875 




NPY+ (/1 00 urn) 


6.22 ±0.79 


5.80±1.10 


0.540 


Western blots 


NeuN (OD) 


1.29±0.08 


1.31 ±0.04 


0.493 




Darpp32 (OD) 


1.28±0.07 


1.28±0.05 


0.822 




Parv+ (OD) 


1.19±0.10 


1.21 ±0.06 


0.634 




Cr+ (OD) 


0.67±0.08 


0.68±0.05 


0.731 




NPY+ (OD) 


1.13±0.10 


1.13±0.11 


0.971 




ChAT+ (OD) 


0.48±0.05 


0.49±0.02 


0.733 



Note: values expressed as group means±SD; # normal (Norm) v.s. 
doi:1 0.1 371/journal.pone.0091 51 2.t001 



control (Cont), one-way ANOVA and Fisher's post hoc PLSD test. 



peroxidase-antiperoxidase (PAP) complex (1:200, Sigma) at room 
temperature for 2 h. The peroxidase reaction was performed using 
3, 3'-diaminobenzidine (DAB, 0.05% in 10 mM PBS, pH 7.4, 
Sigma) for 2—8 min, and then the sections were mounted onto 
gelatin-coated slides, routinely dehydrated, cleared and covered 
with neutral balsam for microscopic detection. 

TUNEL assay. To assess apoptotic level of striatal neurons 
after experimental treatments, immunofluorescent detection of 
neurons combined with the terminal deoxynucleotidyl transferase 
dUTP nick labeling (TUNEL) was performed. For the present 
study, sections were incubated with the primary antibody mouse 
anti-NeuN (1:500, Millipore) at 4°C for 48 h, and subsequently 
with rhodamine-conjugated goat anti-mouse IgG (1:200, Jackson 
ImmunoResearch) at room temperature for 2 h. All sections were 
thereafter rinsed three times (5 min/time) in 10 mM PBS and 
performed with TUNEL assay (In Situ Cell Death Detection Kit, 
POD, Roche) according to the manufacturer's instructions. 
Sections were mounted on gelatin-coated slides, routinely dehy- 
drated, cleared and covered with glycerol. Section detection and 
image capture were conducted on a fluorescence microscope. 

Western blots 

After the five-day behavioral tests, the other five rats from each 
group were sacrificed for Western blots. Animals were deeply 
anesthetized with 10% chloral hydrate (350 mg/kg), perfused with 
0.9% saline, and then got decapitated. The right striatum was 



extracted from the brain, and then stored at — 80°C before use. 
Western blots were carried out as previously described [25]. In 
brief, the tissue was homogenized in a freshly prepared lysis buffer 
with protease inhibitors, and then centrifuged at 12000 r/min for 
30 min. The protein concentration of the homogenate was 
determined using the BioRad DC protein assay (BioRad 
Laboratories). 40 u.g of total protein from each sample were 
subjected to an SDS-PAGE gel (10%) and transferred to a PVDF 
membrane (Millipore). The membrane was blocked with 5% skim 
milk at room temperature for 2-4 h and incubated at 4°C 
overnight with one of the following primary antibodies: mouse 
anti-NeuN (1:1000, Millipore), rabbit anti-Darpp32 (1:250, Cell 
Signaling), mouse anti-Parv (1:1000, Sigma), rabbit anti-Cr 
(1:5000, Millipore), rabbit anti-NPY (1:6000, Abeam), rabbit 
anti-ChAT (1:2000, Millipore) and mouse anti-P-actin (1:2000, 
Millipore). After washed with TBST for four times (5 min/time), 
the membrane was incubated with homologous HRP-conjugated 
secondary antibodies (1:3000, Amersham Biosciences, GE Health- 
care) at room temperature for 2 h, and washed again in TBST for 
four times (5 min/time). Blots were visualized in enhanced 
chemiluminescence (ECL) solution (Pierce) for 5 min and exposed 
to hyperfilms (Kodak) for 1-15 min. 

Data collection and statistical analysis 

Quantification of neuron number, fiber density and 
varicosity density. The investigators were blinded to which 
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Figure 1. Experimental tests for behavioral deficits induced by QA. In the balance beam test, the control rats were able to travel across the 
beam easily (A) while rats in the QA group had difficulty in passing across the beam with paw slipping (A'). In the grip strength test, the control rats 
held the wire firmly (B) while the QA-treated rats manifested hypertonia (B'). In the water maze task, the swim track of rats in the QA group was 
bending and often along the maze wall (C) in comparison of the control rats (C). Cont is short for control. 
doi:1 0.1 371 /journal.pone.0091 51 2.g001 



group the sections belonged to when conducting the measurement. 
The quantification was carried out on every eighth section of the 
striatum (2.0 mm anterior and 0.7 mm posterior to bregma, ten to 
eleven sections per animal for each staining method) and the 
numbers of neurons, fibers and varicosities were counted 
throughout the depth of the section. In the Nissl-stained sections, 
the approximate annular zone with 50%-90% neuronal survival 
around the lesion core was considered the transition zone in the 
present study. The section was first examined under the light 
microscope (Olympus BHS) equipped with a camera lucida at 
1 00 x magnification, and the center of the lesion core was located 
which was apparent due to its severe neuron loss. Then the 
lesioned striatum was divided into 0.1 mm x 0.1 mm zones 
respectively parallel and perpendicular to the ventricular edge of 
the ipsilateral striatum through the center of the lesion core that 
was just located. For convenience, an acetate overlay with the 
zones drawn on it was created for each case to delineate the striatal 
regions to be counted for each zone. The number of Nissl-stained 
neurons in each zone was counted at 400 x magnification and 
neuronal survival was expressed as the percentage of neuronal 
abundance found in the matching zone in control animals. Zones 
showing 50%— 90% survival of Nissl-stained neurons (i.e., zones 



Table 2. Measures of behavioral tests. 





Test 


Cont 


QA 


Balance beam testNumber of paw slipping 


0.17±0.16 


0.89±0.92* 


Completion time (sec) 


19.45 ±7.21 


40.36± 16.48* 


Grip strength test Hang time (sec) 


1 1 .47±4.43 


16.45±2.12* 


Water maze test Latency (sec) 


41 .42± 10.77 71.53±25.34* 


Number of target site 


11.20±1.93 


2.10±2.69* 


crossovers 







Note: values expressed as group means±SD; * p<0.01 v.s. control (Cont), one- 
way ANOVA and Fisher's post hoc PLSD test. 
doi:1 0.1 371/journal.pone.0091 51 2.t002 



superior, inferior, medial and lateral to the lesion core with 50%- 
90% neuronal survival) were considered to be within the transition 
zone. For each drawn lesioned striatum with Nissl staining, two to 
three zones in each direction (i.e., superior, inferior, medial and 
lateral to the lesion core) fell within the transition zone. All the 
quantification of neuron number, fiber density and varicosity 
density was performed in these zones. The NeuN-, Darpp32-, 
TUNEL/NeuN-, Parv-, Cr-, NPY- and ChAT-stained sections 
adjacent to the corresponding Nissl-stained section were also 
analyzed. The accurate number of neurons was counted in the 
NeuN-, Darpp32-, TUNEL/NeuN-, Parv-, Cr-, NPY- and ChAT- 
stained sections. The quantification of fiber density was performed 
in the Parv-, Cr-, NPY- and ChAT-stained sections, and the 
numbers of intersecting processes along a 100-u.m length were 
counted and averaged as the fiber density. The varicosity density 
was measured in the Parv-, Cr- and NPY-stained sections, and the 
numbers of varicosities along a 1 00-um length were counted and 
averaged as the varicosity density. The final neuron number, fiber 
density and varicosity density of each staining method for every rat 
were the average of the numbers acquired from the ten to eleven 
equidistantly sampled sections, respectively. 

Measurement of optical density in Western 
blots. Western blots were performed four times for each sample. 
The optical density (OD) was measured by the Image J 1.42q 
software and the OD of each marker protein was calibrated with 
the OD of P-actin. The final OD of each marker protein for every 
animal was the average of the values acquired from the four blots 
of each sample. 

Statistical analysis. All experimental data are presented as 
mean±SD (standard deviation). The statistical analyses of data 
were performed by one-way ANOVA followed by Fisher's post hoc 
PLSD test with SPSS 16.0 software and/><0.05 was considered to 
be significant. 

Result 

There was no significant difference in weight among groups 
(data not shown). Statistical analyses were made among the QA, 



PLOS ONE | www.plosone.org 



4 



March 2014 | Volume 9 | Issue 3 | e91512 



Reactions of Striatal Neurons Induced by QA 



A . - ■ 1 Ay . A 



B TWJEL B' NeuN B" % Merge 

* 

• - % • 

% • 30ym 



Figure 2. Histological changes and neuronal apoptosis of striatum induced by QA. In sections with Nissl staining taken from the QA- 
treated striatum (A-A"), the lesion core (+) was injured seriously with very few neurons survived; the annular area surrounded the lesion core, named 
the transition zone (*), was less injured than the lesion core with some neurons survived including several medium-sized neurons (white arrowheads 
in A") and a few large-sized neurons (black arrowheads in A"); the periphery, the area outside the transition zone, appeared similar to tissues of a 
normal striatum. In sections with TUNEL labeling (B-B"), the apoptotic cells were mainly detected in the transition zone (white arrowheads in B) and a 
large proportion of them were neurons as shown in the TUNEL/NeuN double labeling section (white arrowheads in B"). Cont is short for control. 
Panels A' and A" are views of higher magnification from the boxes of Panels A and A', respectively. Scale bars: A, 250 |xm; A', 100 nm; A", 30 |am; B-B", 
30 urn. 

doi:1 0.1 371 /journal.pone.0091 51 2.g002 



the control and the normal groups, and there was no significant 
difference between the control group and the normal group in 
both behavioral tests and histological examinations. To make the 
following report concise and easier to understand, we provide data 
and statistical analyses of the normal group and the control group 
(Table 1) before we reveal all of our findings. In the following text, 
we focus on the QA group and the control group. 

Motor and cognitive deficits induced by QA 

To assess the motor functions of experimental rats, the balance 
beam test and the grip strength test were applied. In the balance 
beam test, one QA-treated rat failed to pass across the beam, but 
the other nine cases in the QA group had difficulty in initiating 
movement and passing across the beam in stark contrast to the 
control rats (Fig. 1A and A'). The number of paw slipping 
(^= 7.687, #1=2, #2 = 26, /K0.01) and the completion time 
(F= 12.905, #1=2, #2 = 26, /K0.01) in the QA group were 
significantly increased when compared with the control group 
(Table 2). In the grip strength test, rats with intrastriatal QA 
injections showed hypertonia with longer hang time in comparison 
to the control rats (F= 6.542, #1=2, #2 = 27, p<0.0l; Fig. IB 
and B'; Table 2). 

The cognitive and mnemonic deficits of experimental animals 
were detected by the water maze task. There was no significant 
difference among the QA, the control and the normal groups in 
swim speed (QA 17.25±5.89 cm/s, Cont 19.42+ 10.03 cm/s, 
Norm 18.52±8.01 cm/s; ^=0.180, #1=2, #2 = 27, /»>0.05), 
and therefore the results reflecting cognitive functions should not 
have been affected by motor dysfunction in the task. QA-treated 
rats swam in bending routes when locating the hidden platform 
and often moved along the wall of the maze (Fig. 1C'). The latency 
of locating the platform was significantly increased in the learning 
trials (F= 13.231, #1 = 2, #2 = 27, /><0.01) and the number of 



target site crossovers was markedly decreased in the probe trial in 
the QA group (F= 42.473, #1 = 2, #2 = 27, p<QM) when 
compared with the control group (Table 2). 

Loss of striatal projection neurons in the transition zone 
induced by QA 

In the experimental rats treated with intrastriatal QA injections, 
a unilateral lesion was observed in the striatum and the exact 
locations were usually around the injection sites. Based on analyses 
of brain sections processed with Nissl staining, a severe neuron loss 
was observed in the lesion core and the mean lesion diameter 
through the center of lesion was 1 .02 ±0.13 mm (Fig. 2A and A'). 
The annular area surrounded the lesion core is termed transition 
zone (0.24±0.03 mm in width) [30] in which a relatively slighter 
neuron loss was observed. Among the remaining cells in this zone 
were a few large neurons mixed with some medium-sized ones 
(Fig. 2A"). The transition zone has been of great interest to 
researchers and clinicians due to its uniqueness of cell survival and 
similarity to pathophysiology of HD [25,30]. Thus, we mainly 
focused on the transition zone and performed cell count in this 
area. The cell abundance of the transition zone in QA-treated rats 
was significantly reduced in comparison of the control animals 
(i?=21.772, #1=2, #2=12, /><0.01; Fig. 3A). Outside the 
transition zone, cells that made up a region named periphery 
appeared indistinguishable from those in a normal striatum in 
terms of quantity and appearance. 

To investigate whether apoptosis participated in neuron death 
in the QA-induced striatal impairment, the TUNEL assay was 
applied in the present study. In the QA group, TUNEL-labeled 
cellular fragments and pyknosis were mainly found in the 
transition zone (371.67±40.08/mm 2 ; Fig. 2B). Further double- 
labeling of TUNEL and NeuN displayed that a large proportion of 
cells going through apoptosis were NeuN+ neurons 
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Figure 3. Histograms for comparison between the QA group and the control group. Histogram A was based on the statistical analyses of 
brain sections with Nissl staining as well as NeuN and Darpp32 immunolabeling. It revealed that the numbers of neurons and projection neurons in 
the transition zone were significantly decreased in the QA group when compared to the control group. Histograms B and C were based on the 
statistical analyses of brain sections with Parv, Cr, NPY and ChAT immunolabeling. The numbers of Parv+ and NPY+ interneurons were significantly 
decreased while those of Cr+ and ChAT+ interneurons were not notably reduced in the transition zone of the QA group when compared to the 
control group (B). The density of Cr+ fibers was significantly increased while those of Parv+, NPY+ and ChAT+ fibers were not notably changed in the 
transition zone of the QA group in comparison of the control group (C). Histogram D was based on the statistical analyses of brain sections with Parv, 
Cr and NPY immunolabeling. It revealed that the varicosity densities of Parv+, Cr+ and NPY+ fibers were all significantly increased in the transition 
zone of the QA group when compared to the control group. Values are expressed as group means±SD. * P<0.01 v.s. control, Student's f-test. 
doi:1 0.1 371 /journal.pone.0091 51 2.g003 



(213.67±46.61/mm i ; Fig. 2B"). No TUNEL labeling was 
observed in control and normal rats. 

Histologically, the striatum consists of a vast majority of 
projection neurons and a small number of interneurons [16]. 
We applied the antibody of NeuN labeling all the neurons and the 
antibody of Darpp32 specific for striatal projection neurons to 
assess the degree of neuron loss in the QA-treated striatum. Based 
on the analyses of brain sections with NeuN labeling, there was a 
significant difference in the number of neurons in the transition 
zone between QA-treated rats and control rats (F= 24.005, 
#1=2, 4/2=12, p<0.0l; Fig. 3A; Fig. 4A, A', B and B'). In 
sections with Darpp32 labeling, the number of projection neurons 
in the transition zone was significandy decreased in the QA group 
when compared with the control group (F= 170.562, #1=2, 
#2=12, /><0.01; Fig. 3A; Fig. 4C, C, D and D'). 



Changes of striatal interneurons in the transition zone 
induced by QA 

By means of immunohistochemistry, the four interneuron types 
specifically labeled by antibodies of Parv, Cr, NPY and ChAT 
were investigated in the transition zone. The numbers of Parv+ 
interneurons (i?=40.717, #1=2, #2=12, /><0.01; Fig. 3B; 
Fig. 5A and B) and NPY+ interneurons (F= 22.846, #1=2, 
#2=12, p<0M; Fig. 3B; Fig. 6A and B) were significandy 
reduced in the QA group in comparison to the control group. In 
contrast to the vulnerability of Darpp32+ projection neurons as 
well as Parv+ and NPY+ interneurons, the Cr+ interneurons and 
ChAT+ interneurons were relatively resistant to excitotoxicity 
induced by QA. The statistical analyses showed that there was no 
significant difference between the QA group and the control group 
in the numbers of Cr+ neurons (^=0.523, #1=2, #2=12, 
/>>0.05; Fig. 3B; Fig. 5C and D) and ChAT+ neurons {F= 0.347, 
dfl = 2, dj2 = 12, p>0.05; Fig. 3B; Fig. 6C and D). 
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Figure 4. Changes of striatal projection neurons induced by QA. Striatal neurons, presented with NeuN labeling, were evenly distributed 
throughout the striatum in the control group (A and A') while the NeuN+ cells in the QA group (B and B') were extremely scarce in the lesion core (+) 
and notably reduced in quantity in the transition zone (*). Those neurons survived in the transition zone (B') included some medium-sized neurons 
(white arrowheads) and a few large-sized neurons (black arrowheads). Striatal projection neurons, labeled for Darpp32, were medium in size and 
evenly distributed in the striatum in control rats (C and C). The Darpp32+ projection neurons hardly survived in the lesion core and only a small 
proportion did in the transition zone (D and D'). Cont is short for control. Panels A'-D' are views of higher magnification from the boxes of Panels A- 
D, respectively. Scale bars: A-D, 100 urn; A'-D', 30 urn. 
doi:1 0.1 371 /journal.pone.0091 51 2.g004 



In addition to changes of neuron abundance, the interneurons 
in the transition zone displayed morphological changes against 
QA injury. Though the neuron number was not notably reduced 
after QA treatment, Cr+ interneurons showed an obvious increase 
in fiber density when compared to the controls (F— 83.145, 
#1 = 2, #2 = 12, p<0M; Fig. 3C; Fig. 5C and D"). However, the 
fiber densities of Parv+, NPY+ and ChAT+ interneurons were not 
significantly increased in the QA group in comparison of the 
controls (Parv+ F= 0.873, dfl = 2, #2=12, />>0.05; NPY+ 
F= 2.069, #1 = 2, 4/2=12, />>0.05; ChAT+ F= 0.450, #1 = 2, 
#2=12, />>0.05; Fig. 3C; Fig. 5A' and B'; Fig. 6A'-D'). 

Moreover, the striatal GABAergic interneurons in the transition 
zone after QA treatment showed formation of varicosities along 
the neuronal processes. The varicosity densities of Parv+, Cr+ and 
NPY+ interneurons were notably increased in the QA group when 
compared with the controls (Parv+ ^=21.322, #1 = 2, #2 = 12, 
/XT0.01; Cr+ F= 17.959, #1=2, #2=12, p<0.0\; NPY+ 



F= 160.422, #1 = 2, #2=12, /;<0.01; Fig. 3D; Fig. 5A'-D'; 
Fig. 6A' and B'). Unlike the three types of GABAergic 
interneurons, the ChAT+ interneurons remained morphologically 
stable without varicosity formation (Fig. 6G' and D'). 

Marker protein changes of different striatal neurons 
induced by QA 

To further detect changes of different striatal neurons, Western 
blots were applied in the present study. In line with the results 
from cell counts, the expression levels of NeuN (F= 153.906, 
#1=2, #2= 12, p<0M), Darpp32 (^=89.508, #1 =2, #2= 12, 
p<0M), Parv (F= 170.509, #1 = 2, #2=12, j6<0.01) and NPY 
(F= 42.763, #1 = 2, #2 = 12, /><0.01) were significandy decreased 
while those of Cr (F= 0.144, #1 = 2, #2 = 12, />>0.05) and ChAT 
(F= 0.675, #1 = 2, #2 = 12, />>0.05) were not notably changed in 
the QA group when compared to the controls (Fig. 7). 
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Figure 5. Reactions of Parv+ and Cr+ interneurons to QA. The Parv+ interneurons were mainly distributed in the dorsolateral striatum in the 
control group (A and A'). These interneurons in the QA group (B and B') were extremely scarce in the lesion core (+) and presented some changes in 
the transition zone (*) including decrease in neuron number and increase in the number of varicosities which formed along the neuronal processes 
(see the arrow in B' and the view of higher magnification in B*), but hyperplasia of fibers was not obvious. The Cr+ interneurons were mainly 
distributed in the medial striatum in the control rats (C and C). In the QA group (D and D'), this interneuron type hardly survived in the lesion core 
but the neuron number was not notably reduced in the transition zone. However, the Cr+ interneurons reacted to QA by remarkably proliferating 
fibers and forming varicosities (see the arrow in D' and the view of higher magnification in D*). Panels A'-D' are views of higher magnification from 
the boxes of Panels A-D, respectively. Cont is short for control. Scale bars: A-D, 100 um; A'-D', 30 urn; B* and D*, 10 |im. 
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Discussion 

Behavioral impairments in QA-treated rats 

HD is a neurodegenerative condition characterized by progressive 
abnormal involuntary movements (chorea, dyskinesia and dystonia) 
and cognitive impairment associated with perseverative behavior 
and impairment in strategy and planning [1,10]. Some specific 
neurotoxins such as QA and 3NP as well as transgenic models are 
used to study the pathophysiology of HD [9,10,31]. QA has long 
been utilized to induce HD models in rodents since it produces 
behavioral defects reminiscent of the human HD [9,32] and recent 
studies suggest that it is an endogenous metabolite of the kynurenine 
pathway (KP) which is critically involved in HD [1 2,33,34] . Previous 
research revealed that animals with QA treatment presented 
hyperactivity, significant impairment in the balance beam test and 
spatial learning deficits in the radial arm water maze task [17,22]. In 



line with these studies, the present study detected that QA-treated 
rats showed motor deficits in the balance beam test and cognitive 
impairment in the water maze task. Furthermore, our results 
revealed that QA treatment induced hypertonia in the grip strength 
test. Several studies have reported an increase of muscular tension by 
the grip strength test in animals with 3NP treatment [17,25] . Shear et 
al has suggested that QA treatment produced milder behavioral 
effects that mimicked some of the earlier symptoms of HD, while 
3NP produced more severe effects which mimicked both the later 
symptoms and the juvenile onset of HD [17]. 

Pathological pattern and existence of apoptosis in QA- 
treated striatum 

In human and rat brains, QA is present at concentrations in the 
high nanomolar range (usually less than 100 nM) [35,36], but it 
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Figure 6. Reactions of NPY+ and CHAT+ interneurons to QA. The NPY+ interneurons were evenly distributed in the striatum in the control 
group (A and A'). This interneuron type in QA-treated rats (B and B') hardly survived in the lesion core (+) and experienced some changes in the 
transition zone (*) including decrease in neuron number and increase in the number of varicosities which formed along the neuronal processes (see 
the arrow in B' and the view of higher magnification in B*), but hyperplasia of fibers was not obvious. The ChAT+ interneurons were large in size and 
evenly distributed throughout the striatum in the control rats (C and C) and they appeared stable in neuron abundance as well as in morphology 
without hyperplasia of fibers or varicosity formation in the QA-treated rats (D and D'). Panels A'-D' are views of higher magnification from the boxes 
of Panels A-D, respectively. Cont is short for control. Scale bars: A-D, 100 |xm; A'-D', 30 urn; B*, 10 am. 
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has been reported that the brain level of QA was increased three to 
four-fold in low-grade HD brain [37]. Braidy et al showed that QA 
mediated astrocytic and neuronal inflammation and damage at 
sub-physiological concentrations (150 nM) in vitro [38]. However, 
the in vivo HD animal model required intrastriatal injections of QA 
at much higher concentrations (50-225 mM) to produce neuronal 
damage [19,20,39], as it did in the present study (100 mM). The 
reason may be that QA acts on the brain in an acute and focal 
manner in the in vivo model while it exerts prolonged and extensive 
effect on the neurons during the disease progression or in the in 
vitro experiments. Thus it requires a larger amount of the 
excitotoxin in the animal model to produce the similar effect as 
it does in the pathophysiologic state. 

The pathological hallmark of HD is a massive reduction of the 
striatal volume which results from the loss of spiny projection 
neurons, while the aspiny interneurons are relatively spared [40]. 



It has been suggested that QA can produce axon-sparing lesions 
closely resembling those observed in HD [14,32]. In particular, the 
transition zone of QA-lesioned striatum has been of great interest 
to researchers due to its similarity to the pathophysiology of HD 
[30] . The present study did detect the selective neuron death in the 
transition zone rather than in the lesion core where there was 
hardly any striatal neuron survived. The underlying mechanisms 
of this selective sparing of neurons are not fully elucidated. Now 
growing amount of evidence supports the existence of apoptosis in 
HD human brains [41,42,43]. Accordingly, our data found that 
apoptosis was a major type of neuron death in the transition zone 
while necrosis was the main type of neuron death in the lesion 
core. Research on HD animal models and postmortem tissues has 
also pointed that the caspase family was shown to cleave mutant 
htt which is closely related to the pathogenesis of HD [44,45,46] . It 
is well-known that the excitotoxin QA exerts its toxic effects by 
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Figure 7. Western blots for marker proteins of different striatal neurons. Western blots were applied to detect the expression levels of 
NeuN, Darpp32, Parv, Cr, NPY and ChAT after QA treatment, p-actin was used to control for equal protein loading. In the histogram, levels indicated in 
the bars are expressed as optical density (OD). The ODs of NeuN, Darpp32, Parv and NPY were significantly decreased while those of Cr and ChAT 
were not notably changed in QA-treated striatum when compared to the controls (Cont). Values are expressed as group means±SD. * P<0.01 v.s. 
control, Student's f-test. 
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overactivation of N-methyl-D-aspartate (NMDA) receptors and 
increased cytosolic Ca 2+ concentrations [33]. In addition to the 
proven excitotoxic profile of QA, a considerable amount of 
evidence recently suggested that oxidative stress and energetic 
disturbances were major constituents of its toxic pattern 
[33,38,47]. Mitochondrial abnormalities, especially a deficit of 
energy metabolism in brains, have been reported in htt transgenic 
mice and it was associated with apoptotic cell death [48]. It has 
been proposed that prohibiting the activation process of apoptosis 
may be a potential neuroprotective therapy for HD [49] . 

Specific reactions of different striatal interneurons after 
QA treatment and their implications 

The most intriguing findings in the present experiment were the 
specific reactions of different striatal interneuron types in the 
transition zone after QA treatment. In brief, our data showed that 
the Parv+ and NPY+ interneurons were relatively susceptible to 
QA toxicity, but to a lesser extent when compared to the 
projection neurons, while the Cr+ interneurons were relatively 
resistant and the ChAT+ interneurons seemed insensitive to QA 
treatment. Previous studies also revealed that the Parv+ and NPY+ 
striatal interneurons were relatively vulnerable to QA toxicity in 
rodents [17,20,50]. Figueredo-Cardenas et al further reported that 
the Parv+ neurons were relatively not impervious to QA while the 
NPY+ neurons were highly vulnerable in rats [51]. It is 
noteworthy that the Cr+ interneurons were of higher resistance 
to QA-mediated toxicity than the Parv+ and NPY+ neurons in the 
present experiment. Several chemical anatomical studies on 
striatal interneurons have reported that the Cr+ neurons were 
selectively spared in HD postmortem tissues [40,52,53]. Our 
assessment of neuron counts and Western blots also found that the 
number of Cr+ interneurons was not significandy decreased in 
QA-treated rats. The underlying mechanisms are still under 
exploration. It has been suggested that the calcium-binding 
protein Cr plays an important role in the maintenance of 
intracellular Ca + homeostasis. Its presence in some neurons 



may protect them against the massive Ca + entry that may result 
from over-stimulation on glutamate receptors [52]. 

The resistance of the GABAergic interneurons against QA 
toxicity was also manifested with morphological changes including 
hyperplasia of processes and varicosities. The present experiment 
showed that the fiber density of Cr+ neurons was markedly 
increased after QA treatment. Although the absolute fiber 
densities of Parv+ and NPY+ neurons were not significandy 
increased in QA-treated rats, the numbers of these two interneu- 
rons were reduced. Thus the fibers for each individual neuron 
were relatively increased. Though very few experiments have been 
conducted in this field, our previous studies on the 3NP-induced 
HD model have proven that the survival of NPY+ and Cr+ 
interneurons in the transition zone was accompanied by an 
increase of fibers and varicosities [25] . It has been proposed that 
this may be a response to the projection neuron loss, a protective 
reaction, or even one of the mechanisms to exacerbate the striatal 
neuron loss [25,54]. The three GABAergic interneurons directly 
modulate precise timing of action potential firing of projection 
neurons [55,56]. The great loss of projection neurons can be 
regarded as a strong stimulus to the survived interneurons where 
compensatory hyperplasia of fibers and varicosities occurs. 

Unlike the three GABAergic interneuron types, our data 
revealed that the ChAT+ interneurons remained unchanged in 
abundance and morphology after QA treatment. Numerous 
studies have consistently indicated that the cholinergic interneu- 
rons were rather resistant or insensitive in HD postmortem 
striatum and animal models [50,57,58]. These may result from the 
attribute of autonomous electrical activity, or independence to 
synaptic input, which suggests that the ChAT+ neurons are 
relatively insensitive to glutamate-receptor-dependent excitotoxic- 
ity [59]. 
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